Depth sensitive optical spectroscopy preferentially detects optical spectra from different depths in layered samples, which plays a crucial role in many applications such as the optical diagnosis of epithelial precancer and cancer. In depth sensitive optical measurements, multiple light scattering in tissues significantly degrades the depth sensitivity to a subsurface target layer. To address this issue, feedback based wavefront shaping led by guide stars can be used to refocus light to increase the depth sensitivity to a target layer. However, the lack of intrinsic guide stars in tissues or tissue-like samples often leads to poor enhancement in depth sensitive Raman/fluorescence measurements (∼20% in the past literature) from the target layer due to the contribution from the overlaying non-target layer. In this study, we demonstrate that spatial filtering and spectral filtering can significantly improve the performance of depth sensitive fluorescence spectroscopy assisted by feedback based wavefront shaping in tissue-like scattering phantoms. The two filtering techniques work by effectively increasing the relative contribution from the target layer to the feedback signal during wavefront optimization through spatially and spectrally rejecting off-target fluorescence light, which is essentially similar to the role of time or coherence gating. When the filtering techniques are applied, a maximum of three-fold enhancement in fluorescence contribution from the target layer is observed, which is in contrast to nearly no enhancement in case of no filtering. This significant enhancement has not been reported previously for depth sensitive optical spectroscopy in the area of feedback based wavefront shaping. Therefore, our work represents a new advance towards the application of wavefront shaping in depth resolved optical spectroscopy for the characterization of layered structures such as epithelial tissues or drug tablets, in which the creation of an external guide star is challenging or not allowed.
I. INTRODUCTION
Depth dependent distribution of endogenous fluorophores and other intrinsic biomolecules reveals important diagnostic information about the progress of diseases such as cancer in epithelial tissues [1] thus is critical to early diagnosis. Depthsensitive optical spectroscopy has been proposed to detect optical spectra from different depths in such layered tissues. Early optical probes based on fiber optics for depth-sensitive
The associate editor coordinating the review of this manuscript and approving it for publication was Yizhang Jiang . optical spectroscopy [2] , [3] are rugged and convenient for in vivo hand-held measurements but suffer from low spatial resolution due to the divergence nature of light coming out of optical fibers. Similar techniques such as spatial offset Raman spectroscopy [4] , [5] have been applied to Raman spectroscopy. Meanwhile, optical probes based on an objective lens [6] were proposed to implement non-contact measurements to reduce the uncertainty in contact pressure and spectral acquisition, which also improves the spatial resolution since the light can be focused by the objective lens. However, this setup requires the movement of the objective lens multiple times to collect optical spectra from a range of depths. To speed up depth sensitive measurements, our group proposed to use an axicon lens [7] to create a focal line covering a range of depths and detect optical spectra from all the depths in one measurement. While the above techniques for depth sensitive optical spectroscopy have made significant improvement in reducing uncertainty and speeding up measurements, the depth sensitivity that can be achieved by these techniques degrades dramatically with an increasing depth due to multiple light scattering in tissues.
Various methods have been proposed to overcome the issue of multiple light scattering in the imaging of turbid media such as tissues. Optical coherence tomography (OCT) and related techniques [8] , [9] take advantage of coherence gating and can image up to 2 mm, but its principle is not applicable to fluorescence spectroscopy. Multiphoton microscopy [10] works nicely for deep tissue imaging or spectroscopy, but it requires a complicated and costly setup involving a pulsed laser thus not preferred in clinical diagnosis. Time gating [11] - [13] and spatial frequency domain imaging [14] have been demonstrated for reflectance measurements but not for fluorescence spectroscopy likely due to weak signals. Recently, wavefront shaping [15] , [16] and related techniques including transmission matrix measurements, etc. References [17] - [20] have emerged as a promising technique to provide an alternative for imaging through a turbid medium and focusing light in turbid media using linear [21] or nonlinear optical techniques [22] , [23] . By increasing constructive interference in a turbid sample, wavefront shaping refocuses light onto a single small spot to enhance the incident energy on the target. Note that the goal here is different from that in adaptive optics (AO), which is intended to correct aberration in a distorted image to improve imaging quality [24] .
Among these techniques, feedback based wavefront shaping is known for its versatility [24] , [25] . However, one well-known weakness of this technique is the requirement of a guide star. An external guide star [26] is inconvenient or sometimes even impossible in future clinical applications. Although an internal guide star utilizing non-linear optical focusing or internal absorption contrast in tissues is useful [27] , [28] , the relevant methods that have been reported in the literature either involve a complicated setup or are not applicable in depth sensitive optical spectroscopy. Without these special guide stars, the past study for depth sensitive Raman spectroscopy has shown only slight enhancement [29] , which suggests that the enhancement for fluorescence spectroscopy would be even poorer due to potential photobleaching. To address this problem, we propose to explore two common optical techniques that have not been fully exploited in feedback based wavefront shaping to our best knowledge, i.e., spatial filtering and spectral filtering, in an attempt to increase the depth sensitivity to a subsurface target in depth sensitive fluorescence spectroscopy. The advantage of using fluorescence as the feedback signal is that it is suitable for any target with low scattering contrast. In such a case, it is difficult to use reflected excitation light as the feedback signal for light optimization since it may be too weak to detect. Moreover, the depth dependent distribution of endogenous fluorophores in some tissues such as epithelial tissues could be utilized to increase the depth sensitivity to a particular layer. Our results show that the depth sensitivity to fluorophores in the bottom layer of a two-layered tissue phantom in a reflection setup can be enhanced significantly with proper spatial filtering and spectral filtering of guiding light for wavefront optimization compared to the situation without such filtering. The filtering plays a role similar to coherence or time gating, i.e., to select the light coming from the target zone for wavefront shaping.
The current gap in this area is that the past study in depth sensitive optical spectroscopy using wavefront shaping without special guide stars showed only slight enhancement (around ∼20% increase) [29] . This is insufficient to achieve any meaningful result. Our main contribution in this study is to demonstrate that the enhancement factor using wavefront shaping for depth sensitive optical spectroscopy can be increased to about 300% with the help of spatial filtering and spectral filtering. This has not been reported previously for depth sensitive optical spectroscopy in the area of feedback based wavefront shaping. Therefore, our work represents a new advance towards the application of wavefront shaping in depth resolved optical spectroscopy. Moreover, we show that a tradeoff needs to be made on the filtering parameters because of the positive effects of spatial/spectral filtering in wavefront shaping performance and the decreasing signal-tonoise ratio associated with filtering.
II. MATERIALS AND METHODS

A. EXPERIMENTAL SETUP
The schematic of the experimental setup is shown in Figure 1 . Continuous-wave coherent laser light (Millennia eV 5W, Spectra-Physics, Santa Clara, California, USA) is cleared up by passing through a spatial filter, which is then projected onto a Spatial Light Modulator (SLM, PLUTO-2-VIS, HOLOEYE, Berlin, Germany) with a resolution of 1920 × 1080 pixels. A half-wave plate and a linear polarizer are used to adjust the power and polarization to match the requirement of the SLM. The light is expanded to fill the SLM as much as possible for optimal modulation. The modulated light is demagnified first and then focused onto the sample by a 50× microscope objective (UMPlan FI; Olympus, Shinjuku, Tokyo, Japan) with an NA of 0.8 and a working distance (WD) of 0.6 mm. The fluorescence light excited from the sample is collected by the same microscope objective. The sample is mounted on a three-dimensional stage (PT3/M; Thorlabs, Newton, New Jersey, USA) for precise adjustment. Emitted fluorescence is separated from the excitation light by a long-pass dichroic mirror (DM; Di03-R532; Semrock, Rochester, New York, USA). A long-pass filter (BLP01-532R-25; Semrock, Rochester, New York, USA) afterwards further attenuates the excitation light. When the effect of spectral filtering on wavefront shaping is evaluated, none or one of the two band-pass filters (FF01-618/50; FF01-650/60; Semrock, Rochester, New York, USA) is placed right behind the long-pass filter to select the desired spectral band of fluorescence.
A photomultiplier tube (PMT, 77348, Newport Corporation, California, USA) driven by a high voltage power supply (70705, Spectra-physics, Santa Clara, California, USA) and preceded by a preamplifier (SR560; Stanford research systems, Sunnyvale, CA, USA) is used to detect fluorescence for SLM optimization. When the effect of spatial filtering is evaluated, several pinholes with a range of diameters (P800H, P200H, P150H, P100H and P75H, Thorlabs, Newton, New Jersey, USA) are placed on the image plane one at a time to prevent unwanted light from being captured by the PMT or spectrometer. Once the optimization is complete, the spectrum will be recorded by a PI spectrometer that consists of a spectrograph (Acton SP2150; Princeton Instruments, Trenton, New Jersey, USA) and a CCD camera (PIXIS 400; Princeton Instruments, Trenton, New Jersey, USA). To increase light collection efficiency after the pinhole, a condenser with a magnification of 0.5 is placed before a round-tolinear fiber bundle (BFL105HS02, Thorlabs, Newton, New Jersey, USA) with an effective core diameter of 355 µm on the round end, and the size of the linear end matches the input slit width of the spectrometer.
B. PHANTOM PREPARATION
Scattering tissue phantoms were made by mixing titanium dioxide (TiO 2 of 1.5 µm; US Research Nanomaterials Inc., Houston, USA) in dissolved polydimethylsiloxane (PDMS, Sylgard 184; Dow Corning, Midland, Michigan, USA) [30] . The reduced scattering coefficient (µ s ') was adjusted by varying the concentration of TiO 2 in PDMS according to the calculation using Mie theory with known refractive index, particle size, and volume fraction [31] . Purple fluorescent microparticles (FH-2062-2; Spherotech, Libertyville, IL, USA) and Rhodamine 6G (R6G 56226; Sigma-Aldrich, St. Louis, MO, USA) were separately suspended in isopropyl alcohol (IPA W292907; Sigma-Aldrich, St. Louis, MO, USA) first, then were added into different TiO 2 phantoms in PDMS before setting. Every sample was continuously stirred on a magnetic stirring hot plate for at least 1 hour to ensure the homogeneous distribution of particles or R6G in PDMS. The concentration of the particles was adjusted to around 3 × 10 7 particles/g in PDMS, and the concentration of R6G was 128 µM in PDMS. Then each sample was mixed with a curing agent so that PDMS set to form a solid phantom. A two-layered sample was made by stacking one layer with R6G on top of the other with the fluorescence microparticles. The transport mean free path (l t = 1/µ s ') of the top layer was around 3.3 mm with a thickness of 110 ± 10 µm, to mimic the epithelium in epithelial tissue [32] . The transport mean free path of the bottom layer was around 10 mm with a thickness from 110 ± 10 µm to serve as the superficial region of the stroma.
C. SLM MODULATION
The continuous sequential algorithm [33] was used to update the phase values of the SLM in the study. A total of 1,000 × 1,000 pixels on the SLM were binned into 10 × 10 grids, i.e. 100 × 100 pixels in each grid. The phase shift from 0 to 2π with an increment of 0.2π was utilized during optimization with a total of 1,000 iterations in each experiment. Briefly, the algorithm is to optimize the feedback signal by modulating phase for each grid in the spatial light modulator individually. In the iteration process, the feedback signal will be measured with a different phase for each grid in a range of 0 to 2π . After the measurements, the phase of the segment will be set to the value that yields the maximum feedback signal. The process will continue for each grid until the phase values of all grids are set. Due to its high sensitivity, a PMT was used to collect fluorescence during wavefront optimization. The PMT reading served as a feedback signal in each iteration for wavefront optimization so that it would be maximized at the end of wavefront shaping. The fluorescence spectrum was measured using a commercial spectrometer after the wavefront was optimized.
D. ENHANCEMENT FACTOR AND EMISSION RATIO
The fluorescence spectra of pure R6G and purple fluorescent particles at low concentrations are shown in Fig. 2B . The spectral contribution from each fluorophore is estimated by curve fitting, in which a spectrum measured from a twolayered sample ( Fig. 2A) is modeled as the summation of the spectral contributions from pure R6G and fluorescent particles each linearly related to the respective concentration. The spectrum contributed by each fluorophore is integrated from 540 nm to 670 nm to estimate the fluorescence contribution for the calculation of the enhancement factor and emission ratio.
The enhancement factor is defined as the ratio of fluorescence contribution from the purple fluorescence particles after wavefront optimization to that before optimization [34] both after background subtraction.
For a two-layered sample with a different fluorophore in each layer, the emission ratio, defined as the ratio of fluorescence contribution from purple fluorescent particles to the fluorescence contribution from R6G, is used to quantify the sensitivity of the collected signal to the bottom layer.
E. SPECTRAL AND SPATIAL FILTERING
The effect of spatial filtering on the performance of wavefront optimization is evaluated for a series of pinholes with a range of diameters, including 800 µm, 200 µm, 150 µm, 100 µm, and 75 µm. The pinhole is mounted at the conjugate position of the presumed target spot in the sample. Its size controls the amount of fluorescence light detected from the target spot. A smaller pinhole can reject off-target light more efficiently. However, the detected signal will be also weaker, which will reduce the signal-to-noise ratio. Therefore, a tradeoff needs to be made between the spatial filtering effect and signal-tonoise ratio.
When investigating the effect of spectral filtering, a filter holder is placed immediately after the 532-nm long-pass filter as shown in Fig. 1 . The enhancement factor is determined with an empty holder first, which serves as the control experiment. Then the holder is loaded with two band-pass filters, i.e., 618 ± 25 nm and 650 ± 30 nm, sequentially and the enhancement factor is determined again. Note that the passband of the first filter matches the fluorescence peak of the purple fluorescent particles while that of the second filter matches the sideband of the purple fluorescent particles. As the passband red shifts from one filter to the other, the relative fluorescence contribution from the bottom layer increases thus should promote the performance of wavefront shaping for depth sensitive measurements from the bottom layer. However, the overall fluorescence intensity would decrease in this case resulting in lower signal-to-noise ratio. Therefore, a tradeoff needs to be made between the spectral filtering effect and signal-to-noise ratio, which is similar to spatial filtering.
III. EXPERIMENTAL RESULTS
To facilitate the observation of fluorescence from each layer, a two-layered phantom sample is used in this study as shown in Fig. 2(A) . Fig. 2(B) shows the individual fluorescence spectra of two fluorophores used, i.e. R6G and purple fluorescent microparticles. Without a pinhole, it can be seen in Fig. 2(C) that the enhancement factor is quite low (around 110%) after wavefront optimization. Moreover, the PMT reading appears random in this case as shown in Fig. 2(D) during optimization. After a 200-µm pinhole is placed in the position conjugate to the supposed focus in the sample to reject out-of-focus light, a much greater enhancement factor (around 350%) is observed as shown in Fig. 2(E) . Moreover, the PMT Reading goes up steadily as shown in Fig. 2(F) by 50 iterations. After that, the photobleaching starts to take over, and the PMT reading goes down.
The effect of spatial filtering on the performance of wavefront optimization is evaluated for a series of pinhole diameters, including 800 µm, 200 µm, 150 µm, 100 µm, and 75 µm, as shown in Fig. 3 . Note that the image of each individual particle is around 105 µm on the pinhole plane according to that taken by the camera located on the conjugate position. Fig. 3(A) shows that the contribution from the bottom layer significantly increases when the pinhole diameter decreases from 800 µm to 200 µm or a smaller value, which implies the effectiveness of spatial filtering using a pinhole with a diameter of 200 µm or smaller to reject out-offocus light for subsequent wavefront optimization. Fig. 3(B) shows that the enhancement factor increases first as the pinhole size decreases and reaches the maximum at a pinhole diameter of 150 µm. After that, the enhancement factor appears to decrease until there is no enhancement at a pinhole diameter of 75 µm. It is noted that the maximum enhancement is achieved at a pinhole diameter of around 150 µm that roughly matches the particle image size on the pinhole plane.
The effect of spectral filtering on the performance of wavefront optimization is evaluated in the cases of without a bandpass filter and with a band-pass filter as shown in Fig. 4 . Since the fluorescence peaks of the two-layer sample is around 550 nm (R6G in the top layer) and 610 nm (purple-color fluorescent particles in the bottom layer) respectively, spectral filtering with a band-pass filter of 650 ± 30 nm or 618 ± 25 nm increases the fluorescence contribution from the bottom layer as shown in Fig. 4(A) . Fig. 4(C) shows a clear monotonic relation between the enhancement factor and emission ratio when using the band-pass filter 618 ± 25 nm, which demonstrates the positive effect of spectral filtering on the performance of wavefront optimization. In contrast, such a trend is unclear in the cases of without any band-pass filter and with the bandpass filter 650 ± 30 nm as shown in Fig. 4(B) and 4(D) . It is not surprising to see an unclear increasing trend in enhancement factor in Fig. 4(B) because fluorescence for guiding wavefront optimization can come from both layers without any band-pass filter. It is also worth noting in Fig. 4(D) that, when using a 650 ± 30 nm band-pass filter, the enhancement factor seems more random than the other two cases. This can be most likely attributed to the relatively low signal-to-noise ratio in this case because the passband of this filter covers only the tail region of the fluorescence peak in the bottom layer. Consequently, the enhancement factor is influenced as discussed in the discussion section.
IV. DISCUSSION
Spatial and spectral filtering can effectively improve the enhancement factor as illustrated in Fig. 2 & 3 and Fig. 4 , respectively. The positive role of spatial and spectral filtering in feedback based wavefront shaping can be attributed to the fact that both filtering techniques increase the relative contribution from the target layer to the feedback signal during wavefront optimization by spatially and spectrally rejecting off-target fluorescence light, which is similar to the roles of the pinhole and bandpass filter in confocal fluorescence microscopy. Spatial filtering with a pinhole works as long as the target depth is not too large and the guiding light is still detectable, usually within a few scattering mean free paths [35] . Spectral filtering can work for depth sensitive fluorescence spectroscopy in epithelial tissue since it is well known that endogenous fluorophores in the epithelium and stroma of epithelial tissues are different with distinctive peaks [36] . To apply these techniques in a real tissue requires that feedback based wavefront shaping is faster than speckle decorrelation in tissues [37] , [38] , which is currently an active field of research.
Another critical factor in optimization is the signal-to-noise ratio (SNR) of the feedback signal. Since the optimization relies on whether the feedback signal increases or decreases with the change in wavefronts, it is important for the feedback signal to possess a reasonable SNR for stable optimization. If the SNR is too small, the optimization may not be as effective, which is demonstrated in Fig. 3 and Fig. 4(D) . In Fig. 3 , the increasing trend in enhancement factor with a decrease in pinhole size changes when the pinhole is smaller than 150 µm, and there is nearly no enhancement for a pinhole size of 75 µm, which can be explained by the poor SNR in these cases. Similarly, the increasing trend in enhancement factor with an increase in emission ratio as shown in Fig. 4(D) is supposed to be more significant than that in Fig. 4(C) if only considering that a greater portion of detected fluorescence light comes from the target layer with the filter F650 ± 30 compared with the other filter F618 ± 25. However, this trend is not seen most likely due to the poor SNR of the feedback signal as the filter F650 ± 30 can only catch the weak tail of the fluorescence peak from the target fluorophore. This SNR issue can be much more serious in biological tissues from which the endogenous fluorescence signal is weaker than phantoms samples or exogenous contrast agents. This suggests that using a pulsed laser as the excitation source to achieve a better SNR in the feedback signal may be desirable in future tissue measurements to achieve greater enhancement and faster optimization.
One issue encountered in this study and also common in fluorescence spectroscopy is the photobleaching of fluorophores, which makes it difficult to reach the maximum enhancement [15] . In this study, the photobleaching rate is estimated by monitoring the emitted fluorescence of an individual particle over time with a range of incident powers. A laser power of around 10 to 40 µW is found yielding minimal photobleaching and decent SNR thus used during wavefront optimization. With such an incident power, the emitted fluorescence drops only moderately during optimization, and the fluorescence intensity is high enough to be measured even by an sCMOS camera for successful optimization. However, it is anticipated that photobleaching may become increasingly severe as the ongoing optimization tends to increase the laser power density on the target particle. One possible solution for reducing photobleaching is to dynamically adjust the laser power during optimization. Higher laser power can be used in the initial period of wavefront optimization to achieve enhancement before severe photobleaching occurs. Then the laser power can be reduced to slow down photobleaching but is still high enough to yield detectable fluorescence. The fluorescence reading can be numerically scaled up to compensate for its drop due to the laser power reduction. Certainly, using a pulsed laser source could be another solution as mentioned earlier.
Although the continuous sequential algorithm takes a longer time than several other algorithms such as the optimal steepest ascent algorithm, it has certain advantages and is suitable in this study. First, the continuous increase in intensity can improve the signal-to-noise ratio for proper signal enhancement with a weak feedback signal. Second, compared to the faster optimal steepest ascent algorithm method we evaluated, the continuous sequential algorithm can achieve a higher signal enhancement factor at the end. For a static sample such as the one used in the study with a long speckle decorrelation time [38] , the continuous sequential algorithm is a proper choice.
One significant difference between phantom samples here (as well in most other papers about wavefront shaping) and real tissue samples is the distribution of fluorophores. While the distribution of endogenous fluorophores in tissues such as NADH (reduced nicotinamide adenine dinucleotide) and FAD (flavin adenine dinucleotide) [39] is relatively dense and continuous in cells, the target purple fluorescence particles in this study are discrete and sparse. The discrete and sparse distribution of the target fluorescence particles with adequate distance between any pair of them artificially reduces the sample volume contributing to the feedback signal and improves the enhancement. This implies that the enhancement can be worse in real tissue samples because the sample volume contributing to the feedback signal can be much larger due to the proximity of surrounding fluorophore molecules. In fact, we did evaluate a phantom sample with dissolved Rhodamine 6G (R6G) as the fluorophore in PDMS and could not achieve any significant enhancement even with pinholes. The distribution of R6G in this sample is continuous since R6G is well dissolved before PDMS setting. It is anticipated that one should be able to observe fluorescence enhancement in this case when the pinhole size is sufficiently small; however, the challenge lies in providing the feedback fluorescence signal with a sufficient SNR. This could be achieved with a system equipped with a pulsed laser and a sensitive detector.
The long-term goal of this study is to apply wavefront shaping to tissue imaging. The heterogeneous structure of an actual tissue could be imaged by sequentially scanning the target spot, which is conjugate to the pinhole, throughout the tissue. During scanning, the size of the pinhole can be varied to achieve the tradeoff between the spatial resolution and the signal-to-noise ratio. The spectral filter can be also switched to match various target fluorophores. Some weaknesses of the current technique that need to be addressed before that include the slow speed and low sensitivity. While the former weakness prevents wavefront shaping from being applied in a real tissue with a short speckle decorrelation time, the latter weakness limits the maximum imaging depth. We are currently working on these two weaknesses by modulating the signal out of the target spot to suppress that from the surrounding region, which could bring this technique closer to real tissue imaging.
V. CONCLUSION
We demonstrate that spatial filtering and spectral filtering can significantly improve the performance of depth sensitive fluorescence spectroscopy assisted by feedback based wavefront shaping in tissue-like scattering phantoms. The two filtering techniques work by effectively increasing the relative contribution from the target layer to the feedback signal during wavefront optimization through spatially and spectrally rejecting off-target fluorescence light, which is substantially similar to the role of time or coherence gating. When the filtering techniques are applied, a maximum of three-fold enhancement factor in fluorescence contribution from the target layer is observed, which is in contrast to nearly no enhancement in case of no filtering. These two techniques integrated with feedback based wavefront shaping can improve depth sensitive fluorescence spectroscopy for the characterization of layered structures such as epithelial tissues or tablets, in which the creation of an external guide star is challenging or not allowed.
